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Failure Modes and Risk Assessment of Rotary Compressor
under Extraordinary Operating Conditions
K. W. Yun
United Technologies Carrier Corporation
c/o Daewoo Carner Corporation
Kwangju, Korea

ABSTRACT
Under an extraordinary operating condition, any rotary compressor will eventually fail if the condition is
harsh enough and/or lasts long enough. Rotary compressor, in reality, can be exposed to and operates
under a variety of conditions that only can be classified as extraordinary. Cases in points are absence, lack
or excessive amount of oil or refrigerant, blocked heat exchanger surfaces, missing compressor
components, wrong refrigerant, absence or wrong overload protector and electrical miswiring. This paper
examines what kinds of failure mode such extraordinary operating conditions lead to. Analyses of
customers' line and field return compressors and various tests simulated in the laboratory are discussed.
Failure modes are then classified by likelihood of occurrence, detectability and severity of the fatality.
The resultant analyses help failure mode analysis, failure cause determination, and warranty
administration. Engineers in testing reliability, design, development or quality control are all to benefit
from the knowledge obtained in this paper.
INTRODUCTION
Compressor is to run its design life when applied properly to the intended application with
exception being the expected statistical variance from the norm. However in the actual reality,
compressor is subjected to a variety of extraordinary operating conditions. To a certain extent,
compressor is designed to survive certain irregularities as long as they last brief and not too harsh.
Unfortunately, the reality can be much harsher than the anticipated (assumed). How would the
compressor react to such unexpected extraordinary circumstances and what are the likely consequences?
EXTRAORDINARY OPERATING CONDITIONS
Compressor may encounter extraordinary operating condition from its early stage of life.
Environment in which compressor operates, as well as component defects can create extraordinary
conditions. Among many possible factors or situations that create such conditions, the followings are
selected for discussion:
·

1. Water - Even presence of water, in contrast to "moisture," is not all uncommon in field return
compressors. Compressor is not expected to run with say 30-50 cc of water in the oil. Compressor can
run with water for a while prior to running into other complications. Copper plating, the formation of a
copper film on metallic surfaces, is another possible phenomenon when the compressor is operated at
high temperature. Bearing failure and/or severe copper plating are common failure modes. Formation of
ice ball can block expansion device and screen inside the suction accumulator will lead another mode of
failures. Since the solubility of water in R22 is relatively high, the separation of water as ice or liquid
form is not likely but expansion device the water may separated as ice ball and this can restrict the flow
Fifteenth International Compressor Engineering Conference at
Purdue University, West Lafayette, IN, USA- July 25-28, 2000

175

through the expansion device.[IJ As far as chemical reaction goes, the refrigerants such as R-22 are
susceptible to reaction with water (hydrolysis), but the rate is so slow they are negligible.[2l
2. Solid Contaminants - We are interested here in insoluble material, such as chips or weld beads from
welding/brazing processes. Though they acts as chemical reaction catalyst, we are more interest as
short-term impacts causing compressor fatality. Other source can be from servicing. Some examples
are copper chip, iron oxide, dirt (sand) introduced from service works. Scoring on cylinder ID, bearings,
acting as a conductor between motor windings, plugging expansion device, lodging on valve seat,
plugging oil supply holes are some of the complications. However, a refrigeration system basically
being clean, discussion here is limited to extraordinary case like large metallic chips that can stop
compressor cold.
3. Non-condensable Gases - Sources of these gases are numerous, but incomplete evacuation and
entering the system through low side leaks are two common sources. Not purging the system during
system installation or servicing can lead to the situation. Performance degradation and higher system
pressure are consequences and can overload the compressor.
4. Blocked Fan/Condenser Fan Failure - This is indeed an extraordinary situation. Normally, the
situation can easily be simulated by simply removing the condenser fan blade. If condenser coil surface
is blocked by covering the coil surface, minimum heat transfer still exists due to some air flow.
Typically what happens is head pressure builds up gradually and eventually the overload protector trips
due to high amperage draw and high operating temperature. When the protector resets the compressor
restarts and the process of trip-and-restart cycling repeats. Under this condition, pressure reaches around
45-50 kg/cm2 and top shell temperature reaches 110- 115 C. Bearing failure is likely under a prolonged
exposure to this condition.
5. Dirty Evaporator - As far as evaporator is concerned, unit operating with blocked or failed fan
situation is unlikely as the effect is detected very easily by the occupant. Lost cooling performance and
compressor operation under high compression ratio are expected effects.
6. Missing or Blocked Standoioe Orifice of Suction Accumulator - Missing the standpipe orifice
during manufacture of accumulator is a very serious matter. However, blocked orifice is possible but
unlikely. Contaminants trapped inside accumulator during its manufacture can block the orifice but not
from incoming suction inlet as the screen filters out solid contaminants. The probability of blocking
increases with decreasing orifice diameter. Loss of oil from compressor oil sump can lead to a lubrication
failure, especially when accumulator volume is large.
7. Excessive/Loss of Oil - The lubricant, either in excess amount or lack of it, can inflict severe
damages to the compressor. The conditions can result from service practices. Refrigerant leaks will create
oil leak as refrigerant is soluble in oil. Replacing compressor often results in excess oil in system and
installing a new compressor in a system with long interconnecting lines can rob oil from the compressor.
Oil distributed in right places is also important. With oil traps or under low-mass flow condition, oil
may have difficulties in getting back to compressor where it belongs. Excessive oil in heat exchanger
can lower coil heat transfer efficiency, dropping system efficiency as much as several percentage points.
The combination of excessive refrigerant and lack of lubricant is a keen interest in compressor reliability.
This important topic is separately dealt in another paper. [JJ
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8. Excessive/Loss of Refrigerant - Excessive refrigerant charge in a system is one of the most
damaging condition encountered. Compressor reliability studies often focus on this situation. Starting
from migration problem, dilution of oil and loss of viscosity, transient slugging problem, bearing wear,
there are just too many complications associated with excessive refrigerant charge. 1bis extraordinary
condition, along with lack of lubricant discussed above, becomes quite complicated for split, especially
multi-evaporator split system. Extensive investigations of field-returned compressors suggest that the
combination of excessive refrigerant and lack of lubricant in compressor oil sump can be quite serious
lubrication issue in field applications.
9. Loose or Missing Parts- This case applies to external parts (e.g., terminal gasket, accumulator strap
screw) as well as compressor internal parts (e.g., discharge valve screw, loose wire or terminal
connection). They can results in tube breakage from vibration, electrical failure, electrical short/ground,
or noisy compressor.
10. Locked Rotor Condition - Locked rotor condition occurs when the compression mechanism is
physically locked (e.g., metallic chip lodged into moving clearance) or the compressor cannot overcome
pressure hurdle with locked rotor torque available in the motor. This extraordinary condition is often
used to insure motor reliability and electrical safety.
11. Fast On/Off Cycling Rate - System cycling rate depends on many factors in system and components
design, and operating environment. But there is certain built-in on/off cycling rate limit in compressor.
If a compressor is allowed to an extraordinary fast cycling rate, oil is pump out of compressor but may
not have a chance to bring oil back to the compressor.
12. High Compression Ratio - Compression ratio is the ratio of absolute head pressure/absolute
suction pressure. Since the pressure ratio is affected more by suction pressure, this extraordinary
condition occurs easily at low suction pressure. The low suction pressure occurs under several
conditions including blocked or frosted evaporator, blocked or iced-up capillary tube. Water in system
can freeze up baffie screen in suction accumulator creating low suction pressure. This can also lead to a
lubrication failure.
13. Mixed Oil - As a variety of oil is used with different refrigerants the probability of mixed oil or
even wrong oil increases especially in the field. A certain combination of oil is known allowable as long
as one kind stays a certain limited percentage.£41 Long term effects of high percentage above 5% of one oil
in another oil are not known, and more studies are expected in coming years.
14. Wrong Refrigerant- Availability of new HFC refrigerants increases the probability of using wrong
refrigerant. Unclear or wrong marking of refrigerant bottle and unfamiliarity with refrigerant are some
possibilities. If R22 and R407C is mixed up the result is not too bad though working fluid in motor
manufacture can be an issue from chemical reaction standpoint. However, a case of using R410A
instead of R22 is an outright safety issue, while the reverse situation results in insufficient capacity and
inefficient system. Furthermore, resultant wrong match of oil causes other complications such as oil
return issue.
15. Wrong Overload Protector- Despite the fact that a unit may not encounter a problem under a
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normal situation, the compressor with wrong protector can experience nuisance tripping or no protection
at all. However, it is in violation of product specification approved by regulatory agencies and is a
safety hazard issue.
16. Electrical Miswiring - This situation is not really a survivable condition. Once this situation
occurs the damage is relatively quick and irreversible. While manufacture of motor and compressor
make sure of the right electrical connections during manufacturing processes, miswiring during unit
assembly and field servicing continue to create the extraordinary situation.
17. Combinations of the Above Conditions - The occurrence of the above conditions is not
necessarily independent of each other, thus a combinations of the above conditions can occur
concurrently though the probability of happening is very small.
FAILURE MODE and EFFECT ANALYSIS (FMEA)
A failure mode and effect analysis or FMEA in short, is an engineering technique used to
define, identify, and eliminate known and/or potential failures, problems, errors, so on from the system
design, process, and /or service before they reach the customer. [SJ
This methodology is widely being
used in many disciplines effectively, and there is no reason why this concept cannot be applied in dealing
with the extraordinary situations.
RISK PRIORITY NUMBER (RPN)
Finding the priority is important and the thrust .of the methodology. There are three
components that help define the priority of failures; Occurrence, Severity, and Detection. Occurrence is
the frequency of the failure.[ 5J Severity is the seriousness (effects) of the failure. Detection is the
ability to detect the failure before it reaches the customers. Among several ways to define the value of
these components, one way is to use qualitative numerical scale. A good FMEA prioritizes the identified
failure modes according to the risk priority number (RPN). This number is the product of frequency of
occurrence, severity, and detection. This RPN number is used only to rank order. In accordance to a
suggested qualitative numerical scale 1 to 10 for occurrence, severity and detection (Table 1) RPN for
each extraordinary condition is calculated as shown in Table 2.
DISCUSSIONS
Among similar RPN values, the order of addressing failures should be in order of the failure
with higher severity, detection and then occurrence. This is because severity deals with the effect of the
failures (such as safety hazard) and detection is customer dependent that is more important than the
frequencies of the failures. Case in point is Case 1 (Water) and Case 16 (Electrical Miswiring)- with
RPN values of 168 and 160 respectively. The latter case has the higher severity (hazardous) rating and it
should be address first. Likewise, Case 14 (Wrong Refrigerant) is more serious extraordinary situation
than Case 12 (High Compression Ratio) though both cases have the same RPN rating of 120. A similar
comment applies to the comparison of Case 10 (Locked Rotor) vs. Case 3 (Non-condensable Gases).
Between Case 6 (None/Blocked Standpipe Orifice) should take a higher attention than Case 5 (Dirty
Evaporator), despite virtually same RPN value, because the former has significantly higher rating in
detection.
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On a possible RPN scale of minimum 1 (ideal situation or goal) to maximum 1000 (very
serious trouble) none of 16 conditions goes over 300 in RPN. This is understandable in that only
extraordinary operating conditions are being dealt herein. And also from the fact that occurrence rating
average 3.1 (Very slight, Very few failures likely) and all are no greater than 5 (Low, Occasional number
of failures likely) occurrence is relatively low. Again, if this rating is high, then product design, its
manufacture and application should be seriously reexamined. Average Severity rating of 6.8 is near 7
(Major, Customer dissatisfied, product performance severely affected but functionable and safe, and
system impaired) with maximum rating of 1O(Hazardous, safety related-sudden failure. Noncompliance
with regulatory specification). This fact indicates that the extraordinary operating conditions are high in
severity.
In the Detection category, the average rating of 6.4 is Low to Slight range, but the maximum
rating of 10 is "Almost Impossible" category. This high rating is an indication of difficulties in
detecting the faults or conditions.
SUMMARY and CONCLUSIONS
Sixteen cases of extraordinary operating conditions listed with a short description for each.
In order to assess their significance and rank them for proper attention, Risk Priority Number (RPN) has
been calculated by assigning rank in three categories of occurrence, severity and detection. On the scale
of 1 to 1000, average RPN turned out to be very low, as expected, at 129, none of 16 cases higher than
290. In terms of severity and detection, RPN values are fairly high having the maximum of 10 in both
categories, but the low rating of 1-5 range in occurrence keeps the RPN at low values. In essence, the
extraordinary conditions examined are highest in severity (6.8), followed by close detection (6.4) and
lastly occurrence (3 .1) and this order coincides with the order to be followed in addressing the conditions
from the overall standpoint.
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Table 1
Rating

Definition of Rating for FMEA's Three Elements
OCCURRENCE

SEVERITY

DETECTION

Table 2 Rating For Extraordinary Conditions
Extraordinary

Item

OCCURRENCE

SEVERITY

DETECTION

RPN

3

7

8

168

Condition

1

Almost never

No

Almost certain

1
2

Solid Contaminants

5

6

9

270

2

Remote

Very slight

Very High

3

Non-condensable Gases

3

5

7

105

3

Very slight

Slight

High

Water

4

Blocked/Failed Condenser Fan

2

7

4

56

5

Dirty Evaporator

4

6

3

72

4

Slight

Minor

Moderately high

6

None/Blocked Standpipe Orifice

1

7

10

70

5

Low

Moderate

Medium

7

Excess or Loss of Oil

4

8

9

288

8

Excess or Loss of Refrigerant

5

6

5

150

6

Medium

Significant

Low

9

Loose/Missing Compressor Parts

3

4

4

48

7

Moderately high

Major

Slight

108

10

Locked Rotor Condition

3

9

4

11

Fast On/Off Cycle

2

6

3

36

8

High

Extreme

Very slight

12

High Compression Ratio

3

5

8

120

9

Very high

Serious

Remote

13

Mixed Oil

2

4

10

80

14

Wrong Refrigerant

2

10

6

120

15

Wrong Overload Protector

3

9

8

216

16

Electrical Mis-wiring

4

10

4

160

3.1

6.8

6.4

129.2

10

Almost certain

Hazardous

Almost impossible

AVERAGE

